From the perspective of economy and safety, balancing gas contained in the pore space of rocks is extremely essential, predominantly to establishments dealing with extraction of mineral resources. One of the main methods of evaluating the amount and composition of gas contained in the pore space of a rock is releasing the gas as a result of comminuting the investigated rock material. In the case of cupriferous rocks, effective comminution is a very difficult task, due to the strength properties of these rocks. The present paper discusses the results of studies into the gas content of cupriferous rocks, obtained by means of an original device named the GPR analyzer. The research was done on 41 samples of dolomites and anhydrites from various areas of two copper mines located in Poland: "Rudna" and "Polkowice-Sieroszowice." For all samples, on the basis of microscope analyses performed on cuts and polished sections, the open porosity, closed porosity, and total porosity were determined. In the case of the dolomite samples, the total porosity variability fell in the range of 4.75-23.05%, and in the case of the anhydrite samples-in the range of 3.87-16.60%. The maximum gas content of the dolomite samples was 166.67 cm 3 /kg, and of the anhydrite samples-84.66 cm 3 /kg. In some of the studied samples, the presence of methane was confirmed. Toxic gases, such as H 2 S, were not found. The main gas in the pore space of the investigated rocks was nitrogen. Knowing the amount of the released gas and the value of the closed porosity in the investigated samples, the authors were able to estimate the pore pressure of the gas, whose maximum value was 0.583 MPa.
Introduction
The extraction of rocks is often accompanied by problems connected with the presence of gas contained in the pore space of these rocks. Regardless of the fact whether the gas in rock pores is viewed as a desirable energy resource or as a risk factor-generating hazard during the exploitation process, its presence in a rock seam should be ascertained. Knowledge of the amount of gas per unit volume is the essential indicator describing both the profitability of the gas exploitation and the level of gas and gaso-geodynamic hazards.
In a lot of countries, gas content of rocks is the basis for categorization of gas and outburst hazards .
One of the main methods of balancing the amount and composition of gas contained in a rock is comminuting this rock so that it is reduced to grains of a size comparable with the size of its pores. Comminuting performed under hermetic conditions releases the gas, whose amount and concentration may then be measured. At the Strata Mechanics Research Institute of the Polish Academy of Sciences, an innovative system for balancing gas contained in rocks was constructed, which made it possible to carry out a cycle of measurements of the gas contained in dolomites and anhydrites (Kudasik and Skoczylas 2017) . The measuring system consists of a high-speed, hermetic percussive mill equipped with a set of appropriate sensors of pressure, concentration, and temperature, as well as control systems and data acquisition systems. The paper discusses the results of balancing gases contained in rocks from the copper mines located in the Legnica-Głogów Copper Belt, Poland, where the hazard connected with the presence of gases accompanying the strata exploitation has been increasing in recent years (Wierzbicki and Młynarczuk 2013; . Evaluating the content of gas in rocks of high strength is a difficult task, and the results of research of this type are seldom published.
Problems connected with the presence of gas in a rock are most frequently associated with methane contained in hard coal seams. In particular, gaso-geodynamic hazards (including outburst hazards), linked to the co-occurrence of a solid and gaseous resource, are predominantly connected with the coal-methane system. During an outburst, the gas accumulated in the pore structure of a rock does work by comminuting the rock material and transporting it down the excavation (Beamish and Crosdale 1998; Cao et al. 2001; Topolnicki et al. 2004; Skoczylas 2012; Wang et al. 2013; Jiang et al. 2015) . With the specific needs of the coal mining industry in mind, various research methods have been developed, which make it possible to evaluate the methane content of a given coal seam (Szlązak and Korzec 2016) . From the point of view of exploitation, gas occurring in underground deposits of different types seldom poses a problem.
The outburst of gas and dolomite that took place in the "Rudna" copper mine in Poland, at the depth of 1200 m, was the first such incident in the mining history (Wierzbicki and Młynarczuk 2013) . The risk connected with the presence of numerous natural hazards, including gas-related hazards, grows with the depth of exploitation (Hargraves 1983; Díaz Aguado and González Nicieza 2007; Xue et al. 2014) . The exploitation of copper deposits located at increasingly deeper levels results in the appearance of new hazards, previously unknown to the copper mining industry. The aforementioned gas and dolomite outburst from the "Rudna" mine proved that it is necessary to constantly investigate the gas content of exploited deposits, including cupriferous rocks. Dolomites and anhydrites represent rocks characterized by a low level of structural diversification, massive and compact structure, and low porosity (Godyń 2016; . Due to the specific circumstances connected with the deposition of dolomite, the porosity comprises both the open and closed pores. According to the International Union of Pure and Applied Chemistry classification system (IUPAC 1985) , from the perspective of the size of the dolomite pores, the predominant type of pores are mesopores, whose diameter falls in the range of 0.002-0.050 µm, and macropores, whose diameter exceeds 0.050 µm. The pores are of various size and shape; they can serve to transport gases in a rock mass as part of their migration process, or simply function as empty spaces with no contact with the external environment. Part of the pore structure of a rock is in contact with the environment (open porosity), which results in release and transportation of the gas included in it. The other part is isolated from the environment: This is closed porosity. Gas deposited in the closed pores usually remains there permanently; it may also be the case that it is gradually released, but very slowly and in very small quantities.
When it comes to the analysis of the rock-gas system, it inevitably turns out that significant similarities between hard coal and cupriferous rocks are hard to find. The mechanisms of gas accumulation and transportation in the pore space of both types of rock differ considerably. Both anhydrites and dolomites are virtually impermeable in relation to gases (Luhmann et al. 2014; Feng et al. 2017) . Also, in these rocks, the phenomena of sorption and diffusion occur only to a small degree, in contrast to hard coal, which displays high sorption properties, and complex mechanisms of gas transportation that occur within the coal matrix. Gas included in cupriferous rocks is free gas, located in the pore structure. Due to these differences, it is impossible to directly adapt the methods of evaluating the gas content of coal to balancing gas included in cupriferous rocks.
In order to release the gas accumulated in the pore space of a rock characterized by a very low degree of permeability, it is necessary to comminute this rock so that it is reduced to grains of a size comparable with the size of its pores. All the methods connected with a time observation of the release of gas from a lump sample would prove ineffective.
The present paper discusses the results of research into the gas content of cupriferous rock samples, carried out with the GPR analyzer-an original instrument of gas contained in rocks (Kudasik and Skoczylas 2017) .
Research equipment
The constructed instrument for balancing gas contained in rocks ( Fig. 1) , called the GPR analyzer, consists of two basic functional blocks: a mill for comminuting rocks and an analyzer equipped with appropriate sensors of gas concentration, of pressure, and of temperature.
A rock sample is placed inside a hermetic measuring chamber of the instrument, where it is comminuted by means of a rotating knife. The knife is propelled by a highspeed brushless electric motor, whose power is 2.2 kW. The maximum rotational speed of the knife is 21,000 rpm. Such power of the motor and such rotational speed of the knife make it possible to comminute a sample of a cupriferous rock weighing 30-50 g to grains of a size expressed in single micrometers, in less than a minute.
The upper lid of the measuring chamber of the instrument is equipped with the sensors of gases, pressure, and temperature. In the lid, a reference chamber has also been installed, in relation to which changes in the pressure and concentration of gases released from the sample into the measuring chamber during the measurement procedure are assessed. The amount of gas contained in the pore space of the rocks is balanced on the basis of the change in the pressure of gas in the measuring chamber, which is a result of comminuting the rock sample and releasing the gas included in it. On the basis of the change in concentration, the share of particular components (CH 4 , H 2 S) of the mixture of gases released from the sample is determined.
Research material
In the research into balancing gas contained in the pore space of cupriferous rocks, samples collected from various areas of the "Rudna" and "Polkowice-Sieroszowice" copper mines, Poland, were used. Thirty-one core fragments were assigned numbers from 1 to 31. Some of the samples came from the same core; however, the fragments used in the research could actually be a few (sometimes more than ten) meters away from each other. These samples were assigned the same numbers (e.g., sample 7v1 and 7v2). Altogether, 41 samples of dolomites and anhydrites were studied.
Each sample was analyzed from the physical and structural-textural perspective so that its helium density and total porosity (open and closed) could be determined. The gas content of the research material was studied using the original GPR analyzer-an instrument of gas contained in rocks. The research material was constituted by cupriferous rock portions weighing 30-50 g, reduced to grains of 20-40 mm in size. Figure 2 presents a dolomite sample before and after it was comminuted by means of the GPR analyzer. 
Measurement procedure
According to the adopted measurement procedure, each sample investigated by means of the GPR analyzer was reduced to grains of 20-40 mm in size prior to the start of the test and then divided into three parts:
• A single lump which served as the material for determining the helium density of the sample, • Fragments out of which colored cuts and polished sections were to be made, and • Portions weighing between 30 and 50 g (the mass of each sample was precisely determined) for balancing the amount and composition of gas contained in the pore space.
The helium density of the samples was determined by means of the AccuPyc II 1340 helium pycnometer produced by Micromeritics.
The porosity of the samples was determined on the basis of point-tracked quantitative analysis performed on the colored cuts and polished sections. The analyses were performed using the AXIOPLAN polarizing microscope by ZEISS and a computer-controlled mechanical table-XYZ. By means of a CCD camera, the image from the optical microscope was transferred to a computer monitor.
The magnification used was 200×. The microscope analyses were carried out in transmitted light (colored thin cuts) and reflected light (polished sections). The size of each colored cut and polished section was 20 mm × 20 mm, and they were all investigated with respect to 2500 points contained within the square grid. Each analyzed point of the grid located at the intersection of the cross-hairs of the microscope was ascribed a particular feature (porous/solid material). Statistically, an analysis of 2500 points made it possible to determine particular porosities of the samples.
In order to properly estimate the percentage value of the total porosity of the rock samples, the so-called polished sections were prepared, i.e., ground and polished fragments of rocks to be analyzed in reflected light. The polished and smooth surface of such a laboratory preparation of a rock reflects light, which is demonstrated by clearly visible minerals of various shades of gray (carbonates and sulfates) and ore-bearing minerals reflecting a very strong or even glaring light. The fragments of a rock where pores and fissures occur are not polished, and therefore these spots reflect a weak light, which is demonstrated by dark gray or almost black areas (Fig. 3) .
By analyzing the thin cuts, percentage values of the open porosity ε 0 of the investigated rocks were determined. For this purpose, the piece of a deposit out of which a cut is to be made is saturated with resin in a contrasting color. The dye penetrates the open pores, which-after the cut has Stereological analyses, in turn, made it possible to determine the total porosity using the polished sections (cf. Fig. 3 ) and the open porosity using the colored cuts (cf. Fig. 4) . On the basis of the difference between the two, the closed porosity of the investigated rocks was established.
The gas content of the investigated rocks was studied with the original GPR analyzer. All the measurements were carried out under constant temperature of 25 °C, which was possible due to placing the analyzer inside the Q-Cell 40 thermostatic cabinet.
Balance of gas content
In the case of the constructed original device, the amount of gas contained in a rock is assessed by registering changes in the pressure ∆p inside the measuring chamber, in which the sample is comminuted. The investigated samples were comminuted within ca. 30-40 s, which was enough to reduce each sample to grains of a size comparable with the size of its pores. The comminution of the samples generates huge power in the GPR analyzer, which results in a temporary rise of temperature. Figure 5 presents some examples of changes in the temperature inside the measuring chamber during the comminution of five different rock samples. On the basis of these changes, we can observe that the process of comminuting the rock material caused a temporary increase of ca. 5-13 °C in the temperature of the measuring chamber (as far as the samples presented on the graph are concerned). As for the remaining samples, an increase in the temperature caused by the process of their comminution did not exceed 13 °C. The differences in temperature leaps displayed by Changes in the temperature inside the measuring chamber of the GPR analyzer caused by the comminution of five selected samples particular samples (e.g., when we compare sample 18v2-a 5 °C increase, and sample 15-a 13 °C increase) are due to the fact that the time span of the comminution process was different for each sample. The temperature of the measurement after the comminution was reached after ca. 200 min. Therefore, it was concluded that the conditions of the measurement got stabilized after the necessary minimum period of 200 min-and only after this time the end readings of the sensors were checked. Figure 6 presents some examples of changes in the pressure ∆p inside the measuring chamber caused by the comminution of sample 16v2 and the release of gas that followed the comminution.
During the process of comminuting the sample, the pressure in the measuring chamber increases due to a number of factors, among which there are: the release of gas from the opened pore structure of the rock, rising temperature, and other processes connected with the rotational motion of the rock grains and gas in the measuring chamber during the comminution process. Starting with the moment when the comminution process ends, pressure ∆p in the measuring chamber decreases gradually until it reaches the boundary value. By reading the value of ∆p at the moment of stabilization of the measurement conditions, we are able to determine the pore pressure of gas contained in the pore space of a rock, using the following formula:
where: ΔM(m 3 ) is the amount of gas contained in the investigated rock sample (under normal conditions), T(K) is the temperature within the measuring chamber during the measurement, R J mol⋅K is the universal gas constant, V p (m 3 ) is the volume of the closed pores of the rock sample: is the molar volume of gas (under normal conditions), p p (Pa) is the pore pressure of gas in a rock, determined on the basis of the balance of equations describing the boundary conditions (before and after the process of comminuting the sample):
is the amount of gas surrounding the sample before the comminution process, M ∞ m 3 is the amount of gas in the measuring chamber after comminuting the sample, p atm (Pa) is the atmospheric pressure, V 0 (m 3 ) is the free space surrounding the sample (the volume of the measuring chamber minus the volume of the rock sample), Δp(Pa) is the change of pressure in the measuring chamber in relation to the reference chamber, resulting from comminuting the sample and the release of gas.
In the case of the presented sample 16v2 (Fig. 6) , the end value of the differential pressure ∆p inside the measuring chamber, after the comminution of the sample and stabilization of the measurement conditions, was 0.66 kPa. Knowing the closed porosity of the sample, as well as its density, we can use formula (2) to establish the pore pressure of gas (p p = 0.276 MPa) and formula (3) to establish the amount of gas released from the pore space of the sample ΔM = 2.08 cm 3 . In the analyzed case, the gas content of the investigated dolomite sample was 88.22 cm 3 /kg. The composition of the gas mixture contained in a rock sample is established using the readings of gas concentration sensors (H 2 S, CH 4 ), based on the balance of percentage concentrations. For example, the amount of methane contained in a rock sample is calculated by means of the following formula:
where C CH 4 (−) is the concentration of methane in the measuring chamber after the comminution process. Fig. 6 Examples of changes in the pressure ∆p inside the measuring chamber caused by the comminution of sample 16v2 and the release of gas that followed the comminution
Results
The examples of changes of the pressure ∆p inside the measuring chamber, caused by the comminution of the four samples which differs the most when it comes to their gas content, are presented in Fig. 7 .
In the case of samples 1 and 16v1, the pore pressure of the gas included in their pore space was estimated at approximately 0.185 and 0.522 MPa, respectively. In the case of sample 24, pressure ∆p in the measuring chamber after the comminution of the sample reached the initial value, corresponding to the value of the pressure inside the chamber before the comminution (∆p = 0 kPa). Here, the pore pressure equaled the atmospheric pressure. In the case of sample 2, the end value of the pressure in the measuring chamber took on a negative value (∆p = − 0.33 kPa) in relation to the reference chamber. This suggests that there was very little gas in the pore space of this particular sample, and the value of the pore pressure was close to vacuum. A similar situation took place in the case of samples 6v1 and 15. The results of all the measurements of the gas content of cupriferous rock samples have been tabulated in Table 1 .
The total porosity of the investigated samples fell in the range of 3.87% (sample 22)-18.60% (sample 16); in one case, the result exceeded 23% (sample 19). The measurement of the gas content performed on 41 samples showed that the maximum gas content value was 166.67 cm 3 /kg (sample 16v1). In the case of 14 samples, the value of gas content was lower than 20 cm 3 /kg; with another 15 samples, the gas content values fell in the range from 20 to 40 cm 3 /kg; in the case of yet another group, comprising 10 samples, the gas content values fell in the range from 40 to 100 cm 3 /kg. Only in two cases (samples 16v1 and 25) did the gas content exceed 100 cm 3 /kg.
On the basis of the known closed porosities of particular samples, the values of the pore pressure of gas (the absolute pressure) were determined. In 10 cases, the pressure of the gas filling the closed pores of the rocks was lower than the atmospheric pressure. In 18 cases, the pore pressure fell in the range of 0.1-0.2 MPa; in 8 cases-of 0.2-0.3 MPa; in 3 cases-of 0.4-0.5 MPa. The highest values of the pore pressure of gas were displayed by 2 samples, 16v1 and 25 (0.522 and 0.583 MPa, respectively).
It is extremely vital to know if the pore space of a given rock contains explosive gases (such as methane) or toxic gases (such as hydrogen sulfide), as this knowledge has a direct impact on the safety of the exploitation process. In the investigated rock samples, no trace of hydrogen sulfide was found. At the same time, the concentration of methane inside the measuring chamber after comminuting sample 16v2 increased by 0.29%, which corresponds to a release of 2.58 cm 3 of methane from a sample weighing 1 kg. Another gas released from the sample was nitrogen, which-as the main component of the gas mixture contained in the pore pressure of the dolomite-was found in the post-outburst masses collected from the spot in the "Rudna" mine where the tragic incident happened in 2009 (Wierzbicki and Młynarczuk 2013) .
Discussion
In the case of hard coal, the extraction of which is inevitably connected with the simultaneous release of gas constituting an enormous hazard from the perspective of the safety of exploitation, we do know a number of methods that let us determine the gas content of coal beds. However, the content of gas in the pore structure of other rocks is a field that, so far, has not been studied in such a thorough way. The number of available research papers that would let us know what types of gases (and in what amount) can be found in cupriferous rocks is very limited. Thus, the discussion concerning the evaluation of the obtained results of the research into the gas content of dolomites and anhydrites is the most sensible when we relate the issue to the measurements performed on hard coal.
The content of methane in hard coal usually falls in the range of 2-8 cm 3 /g. If this content exceeds 8 cm 3 /g, we are faced with a considerable hazard of explosion or outbursts of rocks and gas (Lama and Bodziony 1998) . The maximum values of methane content in coal beds, established in the course of measurements, may reach 20 cm 3 /g (Fisne and Esen 2014) . In the case of hard coal, the majority of the accumulated gas is the sorptively bonded gas. If we assume that the typical porosity of hard coals is between 5 and 10% (Rodrigues and Lemos de Sousa 2002; Bukowska et al. 2012; Ramandi et al. 2016) , then-for the typical values of Fig. 7 Changes in the pressure ∆p inside the measuring chamber, caused by the comminution of the four samples which differ the most when it comes to their gas content the seam pressure, i.e., 0.2-0.6 MPa (Skoczylas 2012 )-the amount of methane in free state shall fall in the range of 0.067-0.400 cm 3 /g (the upper limit of this range concerns the coal displaying the highest porosity, under the highest pore pressure).
When we juxtapose the investigated dolomite and anhydrite samples with hard coal, we shall see that, statistically, they contain ca. 100 times less gas per unit mass of rock. However, in the case of dolomites and anhydrites, the phenomenon of sorption is marginal, and the dominant gas in their pore structure is nitrogen. Therefore, the total amount of the balanced gas is in the form of free gas. The highest gas contents balanced by the authors of the present paper oscillated around 0.16 cm 3 /g, which is close to the typical values of the free methane content in hard coal Baran et al. 2014) .
From the perspective of gaso-geodynamic hazards, taking into account the fact that dolomites and anhydrites are much more firm than hard coal, even the highest known values of gas content guarantee safety of exploitation. The classical theory of gas and rock outbursts assumes that the value of the energy of the gas accumulated in the rock pores has to be high enough for the gas to do work when destroying the rock and transporting it down the excavation Sobczyk 2014; Skoczylas 2014; Tian et al. 2016) . The high porosity values of dolomite (from 15.6 to 16.8%) and the pore pressure of gas exceeding 5.3 MPa were among the main reasons for the outburst of dolomite and other rocks that occurred in the "Rudna" copper mine in Poland in September 2009 (Wierzbicki and Młynarczuk 2013) .
In the case of all the samples investigated as part of this research (cf. Table 1), the majority of the obtained porosity values and all the values of the pore pressure of gas were much lower than the values obtained for the post-outburst masses from the "Rudna" mine. Thus, comparing the results of the research into the gas content with the results obtained for the post-outburst masses, it seems right for the authors to conclude that the area of the copper ore deposit from which the samples used in the research discussed in this paper were collected should be regarded as safe.
Conclusions
As part of the conducted research into the gas content of rocks, 41 samples of dolomites and anhydrites from various areas of two copper mines located in Poland-"Rudna" and "Polkowice-Sieroszowice"-were studied. The research was carried out by means of an original analyzer named GPR. Simultaneously, the same research material was used to perform microscope analyses of cuts and polished sections, on the basis of which the open porosity, closed porosity, and total porosity were determined.
In the case of the dolomite samples, the total porosity variability fell in the range of 4.75-23.05%, in the case of the anhydrite samples-in the range of 3.87-16.60%. The maximum measured gas content of the dolomite samples was 166.67 cm 3 /kg, and of the anhydrite samples-84.66 cm 3 / kg. Knowing the value of the closed porosity in the investigated samples, as well as their gas content, the authors were able to determine the value of the pore pressure of the gas. In 10 cases, the pressure of the gas filling the closed pores of the rocks was lower than the atmospheric pressure. In the remaining 31 cases, the pore pressure variability fell in the range of 0.1-0.6 MPa. The highest determined values of the pore pressure were 0.522 and 0.583 MPa.
In some of the studied samples, the presence of methane was confirmed, whereas toxic gases, such as H 2 S, were not found. The main gas in the pore area of the investigated rocks was nitrogen.
The obtained results of the conducted research into the gas content of rock samples significantly exceed the values determined by other scientists who investigated the material from the same research area (by up to 30 cm 3 /kg (Janiga and Kania 2014) and by up to 41 cm 3 /kg (Markiewicz and Becker 2009 ).
